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NotochordMechanisms that regulate the number of cells constituting the body have remained largely elusive.We approached
this issue in the ascidian, Halocynthia roretzi, which develops into a tadpole larva with a small number of cells. The
embryonic cells divide 11 times on average from fertilization to hatching. The number of cell division rounds varies
among tissue types. For example, notochord cells divide 9 times and give rise to large postmitotic cells in the
tadpole. The number of cell division rounds in partial embryos derived from tissue-precursor blastomeres isolated
at the64-cell stagealsovariedbetween tissues and coincidedwith their counterparts in the intactwholeembryos to
some extent, suggesting tissue-autonomous regulation of cell division. Manipulation of cell fates in notochord,
nerve cord, muscle, and mesenchyme lineage cells by inhibition or ectopic activation of the inductive FGF signal
changed the number of cell divisions according to the altered fate. Knockdown and missexpression of Brachyury
(Bra), an FGF-inducednotochord-speciﬁc key transcription factor for notochorddifferentiation, indicated that Bra is
also responsible for regulation of the number of cell division rounds, suggesting that Bra activates a putative
mechanism to halt cell division at a speciﬁc stage. The outcome of precocious expression of Bra suggests that the
mechanism involves a putative developmental clock that is likely shared in blastomeres other than those of
notochord and functions to terminate cell division at three rounds after the 64-cell stage. Precocious expression of
Bra has no effect on progression of the developmental clock itself.ine Molecular Biotechnology,
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The mechanisms by which embryos regulate the number of cells
constituting the body are a key issue in developmental biology (Slack,
1996). Although themechanisms that control the number of cell division
rounds in speciﬁc tissues or organs have been considered important for
proper embryonic development, their nature has remained unclear. In
Drosophila embryos, it has been reported that Dacapo, a Cdk inhibitor, is
involved in the exit of embryonic cells from the cell cycle (de Nooij et al.,
1996; Lane et al., 1996). Similarly, the Cdk inhibitor cki-1 facilitates
transient arrest of cell division in vulval precursor cells of C. elegans
(Clayton et al., 2008), but the mechanism that determines the timing of
expression or activation of Cdk inhibitors is not fully understood.
Several hypotheses have been proposed for the mechanism that
terminates cell division at speciﬁc stages of embryogenesis. Embryosmay have a developmental clock that measures the time elapsed from
fertilization or counts the number of cell divisions and determines
when the cells stop dividing. Totally distinct mechanisms are also
possible. The timing of ﬁnal mitosis may depend on terminal cell
conditions and not on developmental history. For example, cells may
stop dividing when the cell volume falls below a deﬁnitive threshold,
or sense the nucleo-cytoplasmic ratio (N/C ratio), which was ﬁrst
proposed for the control of timing of the mid blastula transition in
Xenopus embryos (Newport and Kirschner, 1982a,b). It has been
shown that when 2-cell embryos are separated into two blastomeres,
each half-embryo develops into a larva with half the normal number
of cells, in both regulative eggs of echinoderms (Hörstadius, 1973;
Dan-Sohkawa and Satoh, 1978) andmosaic eggs of ascidians (Yamada
and Nishida, 1999). However, the results of these experiments do not
distinguish between the possibilities mentioned above.
Ascidian embryos provide a good system for approaching this issue.
The eggs develop into simple tadpole larvae with a relatively small
number of cells: approximately 3000. This means that embryonic cells
divide 11 times on average after fertilization. The number of rounds of
cell division has been investigated for severalmajor embryonic tissues.
For example, muscle in the tail comprises 42 large postmitotic cells,
which are the result of 9 divisions after fertilization (Nishida, 1987).
Similarly, the 40 large and postmitotic cells that constitute the
notochord also result from 9 divisions occurring from fertilization to
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notochord are conserved among several distantly related ascidian
species with various egg sizes (Nishida and Satoh, 1983). On the other
hand, there are a large number of small mesenchyme cells in the
hatched larvae. Each of the tissues of an ascidian embryo seems to have
a distinct mechanism that determines the number of division rounds.
In our previous study, we demonstrated that at least three kinds
of mechanisms regulate the number of cell division rounds during
ascidian embryogenesis. We analyzed the total numbers of cells in
larvae that had developed from various kinds of egg fragments, in
which the egg volume had been reduced by half or the egg pronucleus
was removed (Yamada andNishida, 1999). Thesemechanisms include
one that is regulated by cell volume, one by the N/C ratio, and one by
neither of the ﬁrst two. When each tissue was analyzed individually,
the cell division rounds in mesenchyme and epidermis cells appeared
to be regulated by a cell volume factor. As mesenchyme cells in
particular become very small after many cell divisions, it is likely that
they divide until they reach a minimum cell size limit. Cell division
rounds in notochord andmuscle are not affected by either cell volume
or N/C ratio, implying the presence of a developmental clock. These
observations suggest that themechanisms controlling cell division are
tissue-speciﬁc.
In the present study, we demonstrate that the number of future
cell divisions is determined at the fate restriction stage and thereafter
regulated cell-autonomously.When cell fates were converted through
manipulation of inductive events, the tissue-speciﬁc number of cell
division rounds was also changed in accordance with the altered cell
fate. A transcription factor, Bra, whose expression is promoted in the
notochord by inductive FGF signaling, is involved in both cell
differentiation processes and control of cell division rounds. However,
precocious initiation of Bra expression did not affect the timing of
terminal cell division in the notochord lineage.Materials and methods
Animals and embryos
Adults of the ascidian Halocynthia roretzi were collected near the
Asamushi Research Center forMarineBiology, Aomori, Japan, theOtsuchi
International Coastal Research Center, Iwate, Japan, and the Marine
Biology Center for Research andEducation,Gangneung, Korea.Naturally
spawned eggs were fertilized with a suspension of non-self sperm and
raised in Millipore-ﬁltered seawater containing 50 μg/ml streptomycin
sulfate and 50 μg/ml kanamycin sulfate at 13 °C. The embryos develop
into swimming tadpoles and hatch at 36 hours after fertilization.Isolation of blastomeres and cell count of partial embryos
Embryosweremanually devitellinatedwith tungsten needles prior
to blastomere isolation and reared in 1% agar-coated plastic dishes
ﬁlled with seawater. Blastomeres were identiﬁed and isolated from
embryos at the 32- or 64-cell stage with a ﬁne glass needle under a
stereomicroscope (SZX-12; Olympus). Isolated blastomeres were
cultured separately as partial embryos in agar-coated dishes, and
then the partial embryos were ﬁxed at the hatching stage (Kobayashi
et al., 2003). For cell counts of the resulting partial embryos, samples
were ﬁxed with 70% ethanol for 2 minutes at room temperature. After
washeswith PBS containing 0.1% Tween 20, theywere transferred into
VECTASHIELD mounting medium for ﬂuorescence with DAPI (Vector
Laboratory) to stain nuclear DNA. The specimens were then trans-
ferred to 80% glycerol and mounted. They were gently squashed on
glass slides by compressing themwith cover slips until the constituent
cells spread into a monolayer (modiﬁed from Yamada and Nishida,
1999).Treatment with FGF and the signaling inhibitor
Blastomeres isolated at the beginning of the 32-cell stage were
transferred to seawater containing 0.1% bovine serum albumin (BSA;
Sigma) and 10 ng/ml recombinant human bFGF protein (Sigma)
(Nakatani et al., 1996; Kim et al., 2000). We reconﬁrmed that this
concentration of FGF was sufﬁciently effective for inducing notochord
and suppressing muscle formation. As controls, blastomeres were
treated with BSA in seawater. To inhibit the FGF signaling pathway,
embryos were treated with 2 μM U0126 (Promega) after the 16-cell
stage until hatching. U0126 is an MEK inhibitor that inhibits both the
activation ofMEK by Raf and the activation of ERK byMEK (Favata et al.,
1998). U0126 was dissolved in dimethylsulfoxide (DMSO) at a
concentration of 10 mM and stored at −20 °C. Stock solutions were
diluted with seawater to the ﬁnal concentration just before use (Kim
and Nishida, 2001). We reconﬁrmed the effects of this drug on
notochord and mesenchyme induction. As controls, blastomeres were
treated with DMSO in seawater.Morpholino antisense oligos and mRNA
To suppress Hr-Bra function, we injected a 25-mer morpholino
oligonucleotide (MO; Gene Tools), covering the ﬁrst methionine, into
fertilized eggs. The nucleotide sequence was 5′-TTGTAATTGACA-
TAATTCCTTGTAC-3′ (Matsumoto et al., 2007). As a control, a standard
MO, 5′-CCTCTTACCTCAGTTACAATTTATA-3′ was injected. About 500–
1000 pg of eachMOwas injected into the fertilized eggs. mRNAs were
transcribed from each of the plasmids with amMessagemMachine kit
(Ambion). About 10–25 pg of mRNA was injected. Differentiation of
notochord cells was monitored by immunostaining with the Not-1
monoclonal antibody (Nishikata and Satoh, 1990; Nakatani and
Nishida, 1994). Indirect immunoﬂuorescence staining was carried
out by standard methods using a TSA ﬂuorescein system (Perkin-
Elmer Life Sciences). To inhibit cell division, cleavage was perma-
nently arrested with 2.5 μg/ml cytochalasin B (Sigma) at the 64-cell
stage (Kobayashi et al., 2003). Whole-mount in situ hybridization was
basically performed according to Nakatani et al. (1996). Specimens
were hybridized with the digoxigenin (DIG)-labeled Hr-Bra probe.Plasmid construction for mRNA synthesis
To synthesizemRNA used for the over/mis-expression experiment,
the Hr-Bra open reading frame was cloned into pBluescript-RN3, and
the mRNA was transcribed from the plasmid. To synthesize mRNA
used for the rescue experiments, we cloned into pBluescript-RN3 aHr-
Bra cDNA with synonymous nucleotide changes in the MO target site
to prevent hybridization with Bra MO. The following upstream PCR
primer was used to generate the altered cDNA: 5′-GAGAATTCaatag-
tacgtagATGTCgATcACgAATAATATGGAGTCGCCATCTGACAGC-3′, the
underlined bases corresponding to the translation initiation site,
and the lower case bases representing those altered from the
endogenous Bra sequence. To visualize Hr-Bra protein translation
and distribution, cDNA of mCherry was inserted in-frame to the 5′ end
of the cDNA of the Hr-Bra protein-coding region in the pBluescript-
RN3 vector, and it was used for mRNA synthesis.
mRNA encoding eGFP fused to a nuclear localization signal (NLS-
eGFP) was transcribed from the pBluescript-RN3:NLS-eGFP in which a
NLS sequence was inserted between the EcoRI and BglII sites. To
visualize the descendant cells of the tissue precursors, mRNA
encoding histone H2B protein (from the appendicularian Oikopleura
dioica) fused with mCherry ﬂuorescent protein was synthesized from
the plasmid pSD64TF carrying the ORF of the fusion protein (kindly
provided by Dr. A. Nishino, Osaka University) and injected into tissue
precursors at the 32- and 64-cell stages.
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Blastomeres isolated at the 64-cell stage were cultured in agar-
coated dishes, and successive cell divisions were recorded with a BX61
motorized microscope (Olympus) equipped with a water-immersion
lens and digital camera. The DIC images were acquired using Lumina
Vision software (Mitani Co., Tokyo, Japan) at one frame every 3 minutes
for approximately 12 hours.
Results
The number of cell division rounds in various tissues during embryogenesis
The cell fate of each blastomere in 64-cell-stage embryos has been
investigated at the tailbud stage (Nishida, 1987). The number of
rounds of cell division varies depending upon tissue type. Notochord
cells in the tail are already postmitotic at the tailbud stage, and the
total number is invariably 40. The A7.3 or A7.7 notochord precursor
blastomere at the 64-cell stage (after 6 rounds of cleavage) divides a
further three times, giving rise to eight large notochord cells (Fig. 1A).
Muscle consists of 42 cells, which are also postmitotic at the tailbud
stage, and the B7.4 cell of the 64-cell-stage embryo divides threemore
times to give rise to the eight large muscle cells (Fig. 1A). On the other
hand, cells of other tissues are not postmitotic at the tailbud stage,
and the number of cells in each tissue of the hatched tadpole larva is
unknown.
To count the number of cells derived from each tissue precursor
blastomere, mRNA encoding histone H2B protein fused to mCherry
ﬂuorescent protein was injected into blastomeres, and the number of
nuclei with red ﬂuorescence was counted at the hatched larva stage.
When the A6.2 blastomere of the 32-cell embryo (the mother cell of
A7.3 notochord and A7.4 nerve cord precursors of the 64-cell embryo)
was injected, exactly 8 notochord cells and 54.7 nerve cord cells
on average were labeled (n=3, Fig. 1B), conﬁrming the previous fate
mapping. Therefore, the A7.4 nerve cord precursor divides 5.8 times
(=log2 54.7) from the 64-cell stage onwards on average. It is likely
that most of the nerve cord cells are postmitotic because they must be
fully differentiated and functional in the hatched tadpole.
When A7.2 blastomeres were injected, we observed that 28.0
endoderm cells were labeled on average (n=2, Fig. 1C), indicating
that they divide 4.8 times after the 64-cell stage. Endoderm cells in
hatched larvae are not postmitotic and continue dividing during theA7.3
Notochord: 8 cells
Muscle: 8 cells
64-cell stage
Vegetal hemisphere
A6.2 (A7.
B7.3  Me
N
A B
C
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Fig. 1. Numbers of descendant cells derived from precursor blastomeres of various tissue
blastomeres (pink and red cells in the cartoon of the vegetal half of the 64-cell embryo) are
develop into 8 post-mitotic notochord andmuscle cells in the tail, respectively. (B) A6.2 blast
cells in the cartoon) and A7.4 nerve cord precursors (a blue cell) of the 64-cell embryo, wa
ﬂuorescence. (C) A7.2 endoderm precursor (yellow) was injected. (D) B7.3 mesenchyme pre
tip of the tail. Mch, mesenchyme. Mu, muscle. N, notochord. NC, nerve cord.swimming tadpole stage (HN, unpublished observation). Therefore,
the number of endoderm cells at the hatching stage merely reﬂects
the number of cell divisions prior to the hatching stage and is not
regulated by cell-division termination mechanisms. The B7.3 blasto-
mere gave rise to 183.0 mesenchyme cells in addition to 4 secondary
notochord cells at the tip of the tail, conﬁrming the results of previous
fate mapping (n=3, Fig. 1D). They divided 7.5 times after the 64-cell
stage, on average. We do not know whether mesenchyme cells
transiently stop dividing in larvae, but at least they continue to divide
during metamorphosis and contribute to the adult body. It is worth
noting that during embryogenesis there is no supply of nutrients from
outside of the embryo. Therefore, the more cells divide, the smaller
they become.
Number of cell division rounds of isolated tissue precursor blastomeres
The previous study demonstrated that isolated notochord and
muscle precursor cells undergo the same number of cell divisions as
their counterparts in normal whole embryos (Nishida, 1992). Yamada
and Nishida (1999) have shown that isolated endoderm, mesenchyme
and epidermis, in addition to the notochord and muscle precursor cells,
show tissue-speciﬁc cell division rounds that are approximately
comparable to those during normal embryogenesis. In the present
study, we also isolated various tissue-precursor blastomeres from 64-
cell stage embryos (see cartoon in Fig. 1A) and counted the number of
cells in the resulting partial embryos at the hatching stage. The nuclei of
partial embryos were stained with DAPI, and the embryos were gently
squashed until they spread into a monolayer of cells (Fig. 2). The
numbers of cell cycle rounds in thepartial embryoswere comparedwith
the results described in the previous section. Each partial embryo
consisted of cellswith unique sizes (Fig. 2, upper low).Notochord, nerve
cord, endoderm, mesenchyme, and muscle precursor cells divided
approximately 3, 5, 4, 6, and3 times in isolation, respectively. Notochord
and muscle partial embryos consisted of 8 cells in most cases. The
average numbers of cell divisions were 2.9 and 2.8, respectively, being
quite similar to the numbers of cell divisions in whole embryos. For
reasons that are still unclear, nerve cord, endoderm, and mesenchyme
partial embryos showed slightly fewer cell divisions in comparisonwith
the whole embryos (Fig. 2, bottom). The B7.3 partial embryos mostly
consisted of small mesenchyme cells in addition to three or four large
notochord cells (Fig. 2, arrowheads), consistent with the lineage trace
(Fig. 1D) and the previous isolation experiments (Nakatani andNishida,4 Nerve cord: 54.7 cells + A7.3 Notchord: 8 cells)
senchyme: 183.0 cells 
(in addition to 4 secondary notochord cells) 
NC
N
NMch
ndoderm: 28.0 cells
s. (A) Images showing the descendant cells of the notochord and muscle precursor
reproduced from Niwano et al. (2009) and Nishida (1987). A7.3 and B7.4 blastomeres
omere of the 32-cell embryo, which is themother cell of the A7.3 notochord (one of pink
s injected with histone H2B:mCherry mRNA. Nuclei of the descendant cells show red
cursor (green) was labeled. B7.3 also gives rise to four secondary notochord cells at the
Notochord
A7.3, A7.7
Muscle
B7.4
Mesenchyme
B7.3
Endoderm
A7.2
Nerve cord
A7.4, A7.8
D
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I
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Minimum-Max
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Fig. 2. Number of cell division rounds of isolated tissue precursor blastomeres. Partial embryos were derived from various tissue precursor blastomeres that were isolated from
64-cell embryos. Isolated blastomeres are indicated at the top. The upper photos are DIC images showing the sizes of the constituent cells. The lower photos show squash
preparations of partial embryos stained with DAPI to show the number of nuclei. Nuclei of muscle cells are large and weakly stained as in normal whole larvae. Various parameters
are indicated below the photos. Minimum–Max means the range of cell numbers observed in the specimens. Number of cell division rounds was estimated as log2X. In the bottom,
approximate cell division rounds in the partial embryos are compared to those in normal whole embryos based on the data shown in Fig. 1. Arrowheads indicate notochord cells
derived from B7.3 cells. Scale bar, 50 μm.
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negligible in comparison to the large number of mesenchyme cells, we
did not count the number of the former. It was conﬁrmed that the
number of rounds of cell division varies depending upon the tissue type
of cells, even in isolation, suggesting the presence of tissue-autonomous
cell division control mechanisms.
Therefore, we decided to use this system in the following
experiments to investigate cell division regulation because it has
several advantages. This system makes it possible to exclude any
external inﬂuences on cell division, as the partial embryos develop in
isolation. The range of cell numbers observed (Minimum–Max in
Fig. 2) did not signiﬁcantly overlap among tissues, making it easy to
distinguish the resulting data. Cell counting of the descendants of
a speciﬁc blastomere is easier in partial embryos than in whole
larvae.
Cell fate change in relation to the number of cell division rounds
We investigated the number of cell division rounds after con-
version of cell fate by manipulating the embryonic induction by theNot/NC
precursor
Mch/Mus
precursor
-FGF
+FGF
Nerve co
Notocho
Muscle
Mesenc
-FGF
+FGF32-cell stage
Vegetal hemisphere 64-cell 
Cell fa
Fig. 3. Diagram of cell fate speciﬁcation mechanisms in early ascidian embryos. Anterior is
mother cells (purple cells) of 32-cell embryos divide asymmetrically into notochord and ne
promotion of notochord fate while the default fate is nerve cord. In the posterior region
asymmetrically into mesenchyme and muscle daughter cells. FGF induces mesenchyme fa
manipulating the presence and absence of FGF signaling. Soon after the inductive event
development of each tissue is initiated.FGF signal. It has been shown that FGF plays crucial roles in early
ascidian embryos (Fig. 3) (reviewed by Nishida, 2005; Kumano and
Nishida, 2007). In the anterior marginal region (A6.2 and A6.4;
notochord/nerve cord mother cells), FoxA and Zic transcription
factors act as competence factors within the signal-receiving cells
(Kumano et al., 2006). The daughter cell that receives the FGF signal
(A7.3 and A7.7) becomes the notochord precursor and the one that
does not (A7.4 and A7.8) adopts a nerve cord fate, which is the default
fate in the anterior marginal region (Nakatani et al., 1996; Minokawa
et al., 2001; Kim et al., 2007). In the posterior region, mesenchyme/
muscle mother cells (B6.2) of 32-cell embryos divide asymmetrically
into mesenchyme (B7.3) and muscle (B7.4) daughter cells. The
transcription factor macho-1 plays a role as a competence factor, and
FGF induces a mesenchyme fate, the default fate being muscle (Kim
et al., 2000; 2007; Kobayashi et al., 2003). Cell fates can be converted
from one to another by manipulating the presence or absence of FGF
signaling. In this system, FGF plays a role as an inducing factor, but not
as a growth factor: in the anterior blastomeres, FGF induces an earlier
termination of cell division in notochord cells, while in the posterior
blastomeres, it promotes more cell divisions in mesenchyme cells.rd
rd
hyme
5.8 times
3.0 times
3.0 times
7.5 times
Brachyury
Twist-like
?
Tbx6
stage
tes Key transcriptionfactors
Cell divisions after
the 64-cell stage
up. In the anterior marginal region of the vegetal hemisphere, notochord/nerve cord
rve cord daughter cells. In this region, FGF signaling at the 32-cell stage is required for
, mesenchyme/muscle mother cells (light green cells) of the 32-cell embryos divide
te and the default fate is muscle. Cell fates can be converted from one to another by
s mediated by the FGF signal, zygotic expression of the key transcription factors for
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isolated from early 32-cell-stage embryos before induction had been
initiated, and they were transferred to seawater with or without FGF
protein. Then, two daughter cells were dissociated after the next cell
division, and each was separately cultured as a partial embryo until the
hatching stage. The two daughter cells were tentatively distinguished
from each other as A7.3-like and A7.4-like cells by differences in cell
size and transparency based on differences that are also recognized
between two daughter cells in normal embryos. Although we are not
conﬁdent that the mother cells always divide in the normal orientation
after isolation, both daughter cells behaved quite similarly, so the
reliability of our tentative identiﬁcation does not inﬂuence the
conclusion of this experiment. The effect of FGF treatment on cell fate
speciﬁcation was reconﬁrmed by examining the expression of tissue-
speciﬁc markers (data not shown).
The results are summarized in Table 1. In the presence of FGF protein,
both daughter cells of the notochord/nerve cord mother cells assume a
notochord fate, i.e., the nerve cord precursor is converted to notochord.
We observed that nerve cord precursors (A7.4- and A7.8-like) divided
only three times after the 64-cell stage, similarly to notochord partial
embryos (Figs. 4A and5). Conversely,without the FGFprotein, notochord
precursors (A7.3 and A7.7-like) assumed the default nerve cord fate, and
accordingly divided 5 times (Figs. 4B and 5).When the cell fateswere not
converted, therewasnosigniﬁcant change in thenumberof cell divisions.
Similar results were obtained using the posterior blastomeres that
give rise to muscle and mesenchyme (Figs. 4A, B and 5). With FGF
treatment, cell division of the muscle precursors (3 times) was
converted to mesenchyme type, and without the FGF treatment,
mesenchyme precursors (6 times) were converted to muscle in terms
of cell division number. There was a remarkable difference in the
number and size of constituent cells with and without FGF treatment
in terms of muscle and mesenchyme fate conversion, as shown in
Fig. 4A,B. B7.3- and B7.4-like cells after FGF treatment actually divided
slightly more than expected (6.6 times) from mesenchyme partial
embryos (6 times in Fig. 2). B7.3mesenchymepartial embryos develop
into a large number of small mesenchyme cells in addition to the 4Table 1
Cell counts of partial embryos treated with and without FGF and with MEK inhibitor.
Blastomeres FGF (fate) n
Notochord + (Not) 20
(A7.3 -like, A7.7 -like) − (NC) 26
Nerve cord + (Not) 17
(A7.4 -like, A7.8 -like) − (NC) 17
Mesenchyme + (Mch) 15
(B7.3 -like) − (Mus) 27
Muscle + (Mch) 25
(B7.4 -like) − (Mus) 20
MEK inhibitor (fate)
Notochord + (NC) 30
(A7.3, A7.7) − (Not) 18
Nerve cord + (NC) 25
(A7.4, A7.8) − (NC) 17
Endoderm + (End) 10
(A7.2) − (End) 17
Mesenchyme + (Mus) 27
(B7.3) − (Mch) 23
Muscle + (Mus) 22
(B7.4) − (Mus) 28
FGF protein was dissolved in seawater containing 0.1% BSA in plus (+) FGF experiments, a
DMSO, which is a solvent of MEK inhibitor, was used in the control experiment for the inh
Cell counts and numbers of cell divisions are presented as mean±s.e.m.
Conditions are highlighted by bold and italic letters when cell fate changes are expected.
Numbers of cell divisions are highlighted by bold and italic letters when a change in the nu
End, endoderm. Mch, mesenchyme. Mus, muscle. NC, nerve cord. Not, notochord.large secondary notochord cells (Figs. 1D and 2). However, when the
mesenchyme/muscle mother cells were treated with FGF, secondary
notochord formation was abrogated, and all of the cells appeared to
develop into small mesenchyme cells (Darras and Nishida, 2001).
Therefore, the original 4 large notochord cells were converted tomany
small mesenchyme cells. This may account for the increase of cell
number in the FGF-treated B7.3- and B7.4-like partial embryos.
Inhibition of inductive events was also achieved by treatment with
U0126, an inhibitor of MEK, a member of the Ras/Raf/MEK/MAPK
cascade. Treatment with U0126 is sufﬁcient to inhibit FGF signaling
and convert notochord andmesenchyme precursors to nerve cord and
muscle precursors, respectively (Kim and Nishida, 2001). Embryos
were treated with U0126 from the 16-cell stage onward, and tissue
precursor blastomeres were isolated at the 64-cell stage. The numbers
of cells in the resulting partial embryos were counted at the hatching
stage (Fig. 4C; Table 1, bottom half). Notochord and mesenchyme
were converted to nerve cord andmuscle, respectively, in terms of cell
division numbers (Fig. 4C, red rectangles). In contrast, there was no
effect on partial embryos derived from endoderm, nerve cord, and
muscle precursors, which do not require the FGF signal.
These results indicate that the number of future cell divisions is
determined when cell fate is speciﬁed and that it becomes tissue-
autonomous to some extent thereafter. Mechanisms that regulate the
number of cell division rounds would be activated in a tissue-speciﬁc
manner after the fate has been determined.Bra controls both cell differentiation and termination of cell division
After cell fates have been determined by an extracellular inductive
signal, it is not possible to exogenouslymanipulate cell fates any further.
However, it is still possible to interfere with cell differentiation
processes by manipulation of transcription factors within the cells.
The expression of tissue-speciﬁc transcription factors is initiated within
cells soon after induction (Fig. 3). These “key transcription factors” are
essential for tissue differentiation and are sufﬁcient to promote tissueCell count Min−Max Cell divisions
7.7 ± 0.8 5−9 2.9±0.2
28.7 ± 4.5 20−37 4.8±0.2
7.5 ± 1.1 4−9 2.9±0.3
27.1 ± 4.6 18−36 4.7±0.3
105.7 ± 38.7 52−215 6.6±0.5
7.4 ± 1.1 4−9 2.9±0.2
103.7 ± 31.0 46−184 6.6±0.4
7.7 ± 1.0 5−9 2.9±0.2
27.8 ± 6.4 14−36 4.8±0.4
7.6 ± 0.7 6−8 2.9±0.1
30.0 ± 4.8 16−37 4.9±0.3
32.0 ± 5.2 24−41 5.0±0.2
13.9 ± 2.3 10−18 3.8±0.2
16.1 ± 2.6 12−21 4.0±0.2
7.4 ± 0.9 5−8 2.9±0.2
61.5 ± 11.8 43−93 5.9±0.3
7.3 ± 1.0 5−8 2.9±0.2
7.5 ± 1.0 4−8 2.9±0.2
nd the BSA seawater alone was used in minus (−) FGF experiments.
ibitor treatment.
mber was observed.
Notochord
A7.3 and A7.7-like
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C
Fig. 4. Change of cell fate is accompanied by change in number of cell divisions. (A) Partial embryos originated from various tissue precursor blastomeres treated with FGF protein.
Nuclei were stained with DAPI. Changes in approximate numbers of cell division rounds are indicated below the photos. (B) Partial embryos were raised without FGF treatment.
(C) Isolated blastomeres were treated with DMSO as a control (upper low) and were treated with MEK inhibitor to suppress FGF signaling (bottom). Scale bar, 50 μm.
318 T. Fujikawa et al. / Developmental Biology 355 (2011) 313–323differentiation to some extent when expressed ectopically (Yasuo and
Satoh, 1998; Mitani et al., 1999; Yagi et al., 2005; Imai et al., 2003).
In ascidians, Brachyury (Bra) is expressed exclusively in notochord
lineage blastomeres, and its expression is promoted at the 64-cell stage
soon after notochord induction by FGF signaling (Fig. 6A; Yasuo and
Satoh, 1994; Nakatani et al., 1996). Bra is required for proper
differentiation of the notochord (Matsumoto et al., 2007; Chiba et al.,
2009). We next examined whether Bra is also required for notochord
cells to stop dividing after three rounds of cell division. In this study, we
carefully checked the speciﬁcity of the Hr-Bra morpholino antisense
oligonucleotide (MO). Differentiation of notochord cells wasmonitored
by immunostainingwith theNot-1monoclonal antibody (Nishikata and
Satoh, 1990; Nakatani and Nishida, 1994). In embryos whose cleavage
was arrested at the 64-cell stage, 4 blastomeres of the primary
notochord-lineage cells eventually express the Not-1 antigen at the
tail bud stage (Fig. 6B) (Nishikata and Satoh, 1990). Injection of BraMOinto fertilized eggs abolished the expression (Fig. 6C). Co-injection of
synthetic Bra mRNA, in which the target sequence of the MO was
mutated, rescued the abrogation, and even promoted the ectopic
expression of Not-1 antigen in non-notochord lineages, such as
endoderm and nerve cord (Fig. 6D). Similarly, the MO suppressed the
expression of Not-1 antigen in notochord partial embryos, and the
expression was rescued by co-injected mRNA (data not shown).
A signiﬁcant increase in the number of cells was observed in
notochord partial embryos derived from Bra MO-injected eggs
(Fig. 6E, F, L; Table 2). The blastomeres divided 4.6 times on average,
in contrast to 3 times in control MO-injected specimens. Bra MO did
not affect the number of cell division rounds in nerve cord and
endoderm partial embryos, which do not express Bra. Therefore, the
Bra transcription factor controls both cell differentiation and the
number of cell divisions, suggesting that Bra activates a mechanism
that regulates cell division rounds.
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Fig. 5. Number of cell division rounds in partial embryos treated with FGF or the
signaling inhibitor. Numbers of cell division rounds in various partial embryos were
plotted. Isolated notochord, nerve cord, endoderm, mesenchyme, and muscle precursor
cells divided approximately 3, 5, 4, 6, and 3 times in control experiments, respectively.
Vertical bars represent standard error of the mean.
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examine the progression of cell division in detail. In embryos injected
with the control MO, cell division stopped after three rounds, while
Bra MO-injected cells continue dividing after that stage (Supplemen-
tary Movie 1). We conﬁrmed this in three independent observations,
in which eggs from a single adult were fertilized and injected with
control or Bra MO, and cell divisions of isolated blastomeres were
recorded side by side for pairwise comparison. Fig. 7 shows an
example. Intervals between cell divisions became longer and longer as
development progressed. The second and third intervals were slightly
shorter than in the control in this example, but this was not always the
case. At least, both of the partial embryos that were injected with the
control and Bra MOs divided with a rather similar schedule, but the
Bra MO-injected partial embryo did not stop dividing after the third
division. Thus, injection of BraMOdoes not signiﬁcantly alter the length
of the cell cycle but interferes with the termination of cell division.Precocious initiation of Bra expression does not affect the timing of cell
division termination
We hypothesized that the initiation of zygotic expression of Bra at
the 64-cell stage activates a certain cascade of gene expression that
eventually results in the termination of cell division. This cascade
could be the molecular clock that controls the timing of cell division
termination. Therefore, we next tested the effect of precocious
expression of Bra to see whether it would result in premature
termination of cell division in the notochord lineage. Fertilized eggs
were injected with synthetic BramRNA. Injected mRNAs diffuse more
slowly thanMOswithin the cytoplasm and are often inherited by only
one daughter blastomere at the ﬁrst cleavage. This is why the effects
of mRNA injection are observed only in the left or right half of the
embryo (Kumano et al., 2006). Therefore, in the following experi-
ments, we injected BramRNA along with mRNA encoding eGFP fused
to a nuclear localization signal (NLS-eGFP). Only the numbers of cells
in partial embryos that exhibited the green eGFP ﬂuorescence were
counted to ensure that we were observing the partial embryos that
had inherited the coinjected Bra mRNA.
In normal embryos, Bra expression starts at the 64-cell stage. The
fertilized eggs injected with Bra mRNA never ceased cell division
during the cleavage stages and developed normally up to the 64-cell
stage, at which point notochord lineage cells were isolated. Most of
the isolated notochord blastomeres divided three times after isolation(2.8 times on average) (Fig. 6G, L; Table 2), being similar to the 2.9
times recorded in uninjected notochord partial embryos (Fig. 2).
Notochord-lineage blastomeres were then injected with BramRNA at
the 4- and 16- cell stages. Similarly, these injections did not affect the
number of cell divisions in notochord partial embryos (Fig. 6H, I, L;
Table 2). Thus, unexpectedly, we found that the stage of initiation of
Bra expression did not appear to determine when cell division ceases.
In this experiment, however, we isolated notochord blastomeres
from Bra mRNA-injected embryos. Endogenous Bra expression was
likely to be initiated at the 64-cell stage. These results led us to test
whether the Bra mRNA we injected was sufﬁciently effective. We
isolated non-notochord blastomeres that do not express endogenous
Bra from embryos injected with Bra mRNA. The mis-expression of Bra
resulted in ectopic development of morphological and molecular
features of notochord (Fig. 6D) (Yasuo and Satoh, 1998). When nerve
cord and endoderm precursor blastomeres were isolated from the 64-
cell embryos that had been injected with Bra mRNA at the one-cell
stage, they ceased cell division earlier and divided approximately 3
times like notochord cells (Fig. 6J–L; Table 2). The standard error of
the mean and the range of minimum and maximum values of the cell
counts were larger than those observed for isolated notochord
blastomeres, but there was no signiﬁcant overlap in the ranges
between mRNA-injected specimens and control MO-injected speci-
mens (Table 2). These results conﬁrm that the injected Bra mRNAwas
indeed effective and that Bra controls both cell differentiation and the
number of cell divisions. It is suggested that precocious initiation of
Bra expression does not inﬂuence the timing of terminal cell division.
Bra does not wind up the clock but makes cells exit from the cell cycle
at an appropriate time probably deﬁned by the independent clock or
timekeeper mechanism.Translation and nuclear transportation of Bra protein derived from
injected Bra mRNA
Translation or nuclear transportation of Bra protein could be
temporally regulated and unable to start before a certain stage. In
Ciona, expression of the downstream genes of Bra starts at the gastrula
stage (Takahashi et al., 1999; Hotta et al., 1999), which corresponds to
2.5–3 hours after the 64-cell stage in Halocynthia. Thus, translated Bra
protein functions by the stage, although it is still unclear when
endogenous Bra protein is translated. As to exogenously injected
mRNAs, for example, we detected the appearance of eGFP green
ﬂuorescence at the 32-cell stage (5 hours after injection) when
fertilized eggs were injected with the mRNA. Similarly, nuclear
localization of histone H2B protein fused to mCherry ﬂuorescent
protein (H2B:mCherry) was ﬁrst detectable at the 32-cell stage.
Synthetic mRNA that encodes Bra:mCherry fusion protein was
injected into fertilized eggs. Red ﬂuorescence within nuclei was
evident in 30 out of 43 cases at the 32-cell stage and in 39 out of 43
cases at the 64-cell stage (Fig. 6M, N). The results indicate that Bra
protein was translated from injected mRNA and transported into
nuclei during the cleavage stage before expression of endogenous Bra
gene starts at the 64-cell stage.When themRNAwas injected at the 4-
cell stage, nuclear ﬂuorescence became visible at the 64-cell stage in
25 out of 40 cases (data not shown). Thus, it seems unlikely that there
is speciﬁc temporal regulation on translation or nuclear transporta-
tion of Bra protein.Discussion
The number of cell division rounds varies among tissue types in
animal embryos. In this study, we focused on the mechanisms that
regulate the number of cell divisions in the notochord, nerve cord,
muscle, and mesenchyme lineages during ascidian embryogenesis.
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Fig. 6. Bra controls both cell differentiation and the number of cell division rounds. (A) Expression of Bra mRNA in notochord precursors of 64-cell embryos visualized by in situ
hybridization. (B–D) Speciﬁcity of the Hr-Bra MO. Differentiation of notochord cells was monitored by immunostaining with the Not-1 monoclonal antibody. In embryos whose
cleavage was arrested at the 64-cell stage (Cleavage-arr.), four blastomeres of the primary notochord-lineage cells eventually expressed the Not-1 antigen (B). Injection of Bra MO
abolished the expression (C). Co-injection with synthetic Bra mRNA rescued the abrogation and promoted ectopic expression in non-notochord lineages (D). (E–K) Nuclei were
stained with DAPI. (E) Partial embryos that originated from isolated tissue precursor blastomeres injected with control MO. (F) Bra MO was injected. Changes in approximate
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320 T. Fujikawa et al. / Developmental Biology 355 (2011) 313–323
Table 2
Knockdown and mis-expression of Brachyury.
MO or mRNA (stage of injection)Blastomeres n Cell count Min−Max Cell divisions
6−87.2 ± 0.712Control MONotochord (A7.3, A7.7) 2.8±0.1
Bra MO 14 24.9 ± 4.1 17−33 4.6±0.2
Bra mRNA (1 cell) 3−87.0 ± 1.118 2.8±0.3
Bra mRNA (4 cell) 4−76.3 ± 1.08 2.6±0.3
Bra mRNA (16 cell) 5−87.1 ± 1.07 2.8±0.2
25−3831.8 ± 4.311Control MONerve cord (A7.4, A7.8) 5.0±0.2
24−4030.9 ± 4.911Bra MO 4.9±0.2
Bra mRNA 10 8.6 ± 4.8 5−22 2.9±0.6
11−2415.8 ± 3.512Control MOEndoderm (A7.2) 4.0±0.3
13−2620.2 ± 4.111Bra MO 4.3±0.3
Bra mRNA 16 8.7 ± 3.8 3−16 3.0±0.7
MO and mRNA were injected at the 1-cell stage after fertilization, except for the cases shown in parentheses.
Cell counts and numbers of cell divisions are presented as mean±s.e.m.
Conditions and numbers of cell divisions are highlighted by bold and italic letters when a change in the number was observed.
321T. Fujikawa et al. / Developmental Biology 355 (2011) 313–323Numbers of cell divisions in various tissues within whole and partial
embryos
Precise count of the numbers of descendant cells by labeling of
blastomeres in the nerve cord and mesenchyme lineages was carried
out for the ﬁrst time. The numbers of cell division rounds from the 64-
cell (late blastula) stage to the hatching stage in the notochord, nerve
cord, muscle, and mesenchyme lineages were 3.0, 5.8, 3.0, and 7.5,
respectively. Each tissue lineage underwent distinct rounds of cell
division. Nicol and Meinertzhagen (1988) have reported that the A7.4
nerve cord precursor in Ciona intestinalis divides 5 times after the 64-
cell stage, based on observations by electronmicroscopy. This number
is slightly less than that observed in the present study of Halocynthia,
i.e., 5.8 times. At present, it is unclear whether the difference is due to
the species or the method used.
These data were compared with the numbers of cell divisions in
isolated blastomeres. Notochord, nerve cord, muscle, and mesenchyme
lineage blastomeres divided approximately 3, 5, 3, and 6 times after
isolation at the 64-cell stage, respectively. The numbers varied
depending upon tissue type, even in isolation, suggesting the presence
of tissue-speciﬁc autonomous cell division control mechanisms.
Notochord and muscle cells autonomously ceased to divide after 3
rounds of cell division in isolation. A previous study has shown that the
number of cell divisions in notochord andmuscle cells is not affected by
thenucleo-cytoplasmic ratio or cell volume, suggesting the involvement
of a developmental clock (Yamada and Nishida, 1999). The present
study aimed to study the mechanism of this developmental clock in
notochord cells. For reasons that are still unclear, nerve cord and
mesenchyme show slightly fewer cell divisions in isolation. Some
nonspeciﬁc factors that are supplied from the surrounding tissuesmight
be required to achieve the normal number of cell divisions.Notochord
blastomere
Bra MO
Notochord
blastomere
Control MO
24 min
18 min 105
114
64-cell
stage
70 min
70 min
Fig. 7. Results of time-lapse recording of cell division progression in partial embryos. Notocho
MO and BraMO. Intervals between cell divisions weremeasured using time-lapse video. The
ﬁrst cell division. The duration of the 64-cell stage is ordinarily 70 min, and this is indicateDetermination of future rounds of cell division at the fate speciﬁcation
stage
When cell fates were converted by manipulation of inductive FGF
signaling, the number of cell division rounds was also changed ac-
cording to the altered cell fate. This suggests that future cell division
rounds areﬂexible andnot determined before cell fate has beenﬁxedby
inductive events. Cells would activate unique cell division control
mechanisms after cell fate speciﬁcation, such as cell volume-dependent
termination of cell division in mesenchyme cells. In the notochord and
muscle, cells may activate a developmental clock at the 32-cell stage
when induction takes place, i.e., triggering a developmental timer for
cell division control at this stage. However, this seems unlikely as
discussed below.
The role of Bra in determining the number of cell divisions
In ascidian embryos, FGF signals exert opposite effects depend-
ing on cell types that receive them, promoting earlier termina-
tion in notochord/nerve cord lineages and more cell divisions in
mesenchyme/muscle lineages. This difference in cellular responses to
FGF signal between notochord/nerve cord and mesenchyme/muscle
lineages could be accounted by the fact that expression of distinct key
transcription factor is activated by FGF in the signal-receiving cells
depending on their intrinsic competence transcription factors. These
competence factors are macho-1 in mesenchyme and Zic and FoxA in
notochord (Kobayashi et al., 2003; Kumano et al., 2006). The key
transcription factor for notochord differentiation is Bra and that for
mesenchyme is twist-like 1 (Yasuo and Satoh, 1998; Mitani et al., 1999;
Imai et al., 2003). We showed that Bra in notochord is involved in both
cell differentiation processes and cell cycle round control in two ways:Stop
123
168
243
Continued
rd blastomeres were isolated from 64-cell embryos that had been injected with control
ﬁrst interval (over the arrows) is the elapsed time between the start of recording and the
d below the arrow.
322 T. Fujikawa et al. / Developmental Biology 355 (2011) 313–323by inhibiting Bra function with the MO and by mis-expression of Bra
mRNA. It is likely that the key transcription factors, but not the
competence factors, determine the number of rounds of cell division.
Ectopically expressed Bra was able to terminate cell division after three
rounds in endoderm cells that do not express Zic, the competence factor
for notochord induction.
Precocious initiation of Bra expression and number of cell divisions
As it is a transcription factor, Bra promotes a cascade of gene
expression that eventually results in termination of cell division. This
cascade could be a molecular developmental clock that controls the
timing of terminal cell division. However, our observations indicated
that the mechanismwas not so simple. Our most intriguing observation
was that precocious initiation of Bra expression did not affect the
number of cell division rounds in the notochord lineage. Precocious and
ectopic expression of Bra in other lineages also resulted in termination of
cell division after three rounds, as was the case for notochord cells. It
is suggested that the stage of initiation of Bra expression does not
determine the timing of terminal cell division.
Metaphorically speaking, the situation with Bra can be likened to a
clock on the wall. An observer looks at the clock to see the time and
decides to act. Therefore, the clock and the observer have distinct
identities. Bra appears to activate amechanismwhose timingof action is
regulated by a Bra-independent developmental clock, in order to stop
cell division at the correct time. Bra does not govern the progression of
the developmental clock itself. The clock and its progression are likely
sharedbynotochord, nerve cordandendoderm,becauseBra is sufﬁcient
for terminating cell division after three rounds in these lineages.
Unfortunately, the results of this study tell us almost nothing certain
about the nature of the clock itself, although various possibilities for the
timekeeper mechanism can be suggested.
Our results suggest the presence of a process that progresses
independently from Bra. We tested whether translation or nuclear
transportationof Braprotein is temporally regulated. Results of injection
of mRNA that encodes Bra:mCherry fusion protein indicate that Bra
protein can be translated from injected mRNA and transported into
nuclei during the cleavage stage well before expression of endogenous
Bra gene starts. It seems unlikely that there is speciﬁc temporal
regulation on translation or nuclear transportation of Bra protein.
Onepossibility of the timekeepermechanism is that down-regulation
of maternally supplied factors might be essential for Bra to initiate cell
cycle arrest. Consumption of maternal cell cycle mRNA/proteins that
positively regulate cell cycle progression could be prerequisite for cell
cycle arrest in notochord cells. On the other hand, Bra is a transcription
factor that positively regulates gene expression (Kispert and Herrmann,
1993; Kispert et al, 1995). Given that Bra activates a downstream gene
cascade that eventually results in the expression of an effector protein,
such as Cdk inhibitor in Drosophila (de Nooij et al., 1996; Lane et al.,
1996), it is also plausible that combination of Bra and another
transcription factor might be required for the activation of its
downstream genes. This Bra-partner transcription factor might be
expressed independently of Bra and determine the timing when Bra
functions. This could serve as timekeeper mechanism. Similarly,
chromatin modiﬁcations that allow expression of Bra downstream
genes could be temporally regulated. In another possibility, the activity of
Bra downstream factors, such as Cdk inhibitor, might be temporally
regulated through post-translational modiﬁcation (Deng et al., 2004;
Vervoorts and Luscher, 2008). In order to investigate these possibilities,
extensive studies of Bra downstream events will be necessary, such as
analysis of cis-regulatory elements of Bra downstream genes, investiga-
tion of histone modiﬁcations, and regulation of activities of cell cycle
control proteins. All of these mechanisms should operate partly
independent of Bra and also operate in non-notochord blastomeres.
Relationship between cell division termination and cell differentia-
tion is not clear yet. It is also not known whether the proposeddevelopmental clock is shared by these two processes or not. We
approached this issue by examining when a notochord differentiation
marker, the Not-1 antigen, starts to be expressed in Bra mRNA-injected
embryos. Unfortunately, the results were far from clear, and we can
concludenothing for sure at themoment. Clariﬁcationof themechanisms
of temporal regulation, including cell division control, is fundamental to
understanding the processes of development. If a developmental clock is
indeed present, it is clearly not simple and would be difﬁcult to analyze
on the basis of available knowledge at the moment.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.04.033.
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